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Phase Evolution and Freeze-out within Alternative Scenarios of Relativistic
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1Kurchatov Institute, Moscow RU-123182, Russia
Global evolution of the matter in relativistic collisions of heavy nuclei and the resulting global
freeze-out parameters are analyzed in a wide range of incident energies 2.7 GeV ≤ √sNN ≤ 39
GeV. The analysis is performed within the three-fluid model employing three different equations of
state (EoS): a purely hadronic EoS, an EoS with the first-order phase transition and that with a
smooth crossover transition. Global freeze-out parameters deduced from experimental data within
the statistical model are well reproduced within the crossover scenario. The 1st-order-transition
scenario is slightly less successful. The worst reproduction is found within the purely hadronic
scenario. These findings make a link between the EoS and results of the statistical model, and
indicate that deconfinement onset occurs at
√
sNN ∼> 5 GeV.
PACS numbers: 25.75.-q, 25.75.Nq, 24.10.Nz
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I. INTRODUCTION
Extensive simulations of relativistic heavy-ion colli-
sions were performed within a model of the three-fluid
dynamics (3FD) [1] employing three different equations
of state (EoS): a purely hadronic EoS [2] (hadr. EoS),
which was used in the major part of the 3FD simula-
tions so far [1, 3], and two versions of EoS involving the
deconfinement transition [4]. These two versions are an
EoS with the first-order phase transition and that with a
smooth crossover transition. These simulations cover the
energy range from 2.7 GeV to 39 GeV in terms of center-
of-mass energy,
√
sNN . Details of the calculations are
described in Ref. [5] dedicated to analysis of the baryon
stopping. With these EoS’s, onset of the deconfinement
transition occurs at top AGS energies, i.e.
√
sNN ∼> 5
GeV, as shown in Refs. [5, 6]. The results [5–8] obtained
so far indicate preference of deconfinement-transition sce-
narios in reproducing the available experimental data.
In particular, it was found [7] that the hadronic
scenario fails to reproduce experimental yields of an-
tibaryons (strange and nonstrange), starting already
from lower SPS energies, i.e.
√
sNN ≥ 6.4 GeV, and
yields of all other species at energies above the top SPS
one, i.e.
√
sNN > 17.3 GeV, while the deconfinement-
transition scenarios reasonably agree (to a various ex-
tent) with all the data. It is naturally to search for a
reason of this fact in differences of the final freeze-out
states produced by different scenarios. Indeed, the sta-
tistical model (SM) needs only two parameters, tempera-
ture (T ) and baryon chemical potential (µB), to describe
ratios of (total and midrapidity) yields of all the pro-
duced species [9–17]. If the 3FD evolution drives the
system to a final freeze-out state characterized by proper
T and µB (somehow averaged over the system), then the
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experimental hadron yields are reproduced. Of course,
the 3FD freeze-out state is characterized by 3D fields of
T and µB . The (T, µB) point in question is formed by
values around which these fields are centered.
In fact, the same procedure of the freeze-out with the
same freeze-out energy density [1, 18, 19] was used in
all considered scenarios of nuclear collisions. Neverthe-
less, the final states in different scenarios turn out to be
different because the phase evolution of the system is de-
termined by the specific EoS. Of course, these final states
are also characterized by fields of collective flows rather
than only the temperature and baryon chemical poten-
tial, and hence the 3FD model pretends to describe not
only hadron yields. However, for the particular case of
the hadron yields the position of the final freeze-out state
in the (T, µB) phase space is of prime importance.
Therefore, in this paper I analyze the 3FD final freeze-
out state in terms of its position in the (T, µB) phase
space. This analysis extends to relativistic heavy-ion col-
lisions in the energy range from 2.7 GeV to 39 GeV in
terms of
√
sNN . This domain covers the energy range of
the beam-energy scan program at the Relativistic Heavy-
Ion Collider (RHIC) at Brookhaven National Labora-
tory (BNL), low-energy-scan program at Super Proton
Synchrotron (SPS) at CERN and the Alternating Gra-
dient Synchrotron (AGS) at BNL, as well as newly con-
structed Facility for Antiproton and Ion Research (FAIR)
in Darmstadt and the Nuclotron-based Ion Collider Fa-
cility (NICA) in Dubna.
II. FREEZE-OUT IN 3FD MODEL
The 3-fluid approximation is a minimal way to simu-
late the finite stopping power at high incident energies.
Within the 3-fluid approximation a generally nonequi-
librium distribution of baryon-rich matter is simulated
by counter-streaming baryon-rich fluids initially associ-
ated with constituent nucleons of the projectile (p) and
2target (t) nuclei. In addition, newly produced particles,
populating the mid-rapidity region, are associated with a
fireball (f) fluid. Each of these fluids is governed by con-
ventional hydrodynamic equations which contain inter-
action terms in their right-hand sides. These interaction
terms describe mutual friction of the fluids and produc-
tion of the fireball fluid. The friction between fluids was
fitted to reproduce the stopping power observed in pro-
ton rapidity distributions for each EoS, as it is described
in Ref. [5] in detail.
A conventional way of applying the fluid dynamics to
heavy-ion collisions at RHIC and LHC energies is to pre-
pare the initial state for the hydrodynamics by means of
various kinetic codes, see, e.g., Refs. [20–23]. Contrary
to these approaches, the 3FD model treats the collision
process from the very beginning, i.e. the stage of cold
nuclei, up to freeze-out within the fluid dynamics. There-
fore, any tuning of initial conditions is impossible within
the 3FD model.
The freeze-out is performed accordingly to the pro-
cedure described in Ref. [1] and in more detail in Refs.
[18, 19]. This is a modified Milekhin version of the freeze-
out that possesses exact conservation of the energy, mo-
mentum and baryon number. Contrary to the conven-
tional Cooper–Frye approach [24], the modified Milekhin
method has no problem associated with negative contri-
butions to particle spectra. This method of freeze-out can
be called dynamical, since the freeze-out process here is
integrated into fluid dynamics. This kind of freeze-out is
similar to the model of “continuous emission” proposed
in Ref. [25]. There the particle emission occurs from a
surface layer of the mean-free-path width. In the 3FD
case the physical pattern is similar, only the mean free
path is shrunk to zero.
The freeze-out criterion is ε < εfrz, where ε is the to-
tal energy density of all three fluids in the proper refer-
ence frame, where the composed matter is at rest. The
freeze-out energy density εfrz = 0.4 GeV/fm
3 was cho-
sen mostly on the condition of the best reproduction of
secondary particles yields (more precisely, mid-rapidity
pion densities) for all considered scenarios. However, the
freeze-out front is not defined just “geometrically” on the
condition of the freeze-out criterion met but rather is a
subject the fluid evolution. It competes with the fluid
flow and not always reaches the place where the freeze-
out criterion is first met. Therefore, εfrz can be called a
”trigger” value of the freeze-out energy density, whereas
the actual thermodynamical parameters of the frozen out
matter are jointly determined by this ”trigger” value and
the fluid dynamics and thus depend on the EoS.
Thus, the freeze-out procedure fixes a single param-
eter of the matter, i.e. the total energy density, that
is additionally varied due to interference with the fluid
dynamics. This results in a whole field of temperatures
(Tfrz) and baryon chemical potentials (µfrz) of the frozen-
out matter in the system. To quantify these fields, it is
useful to consider distributions of various quantities over
Tfrz and µfrz. In Fig. 1 this is done at the example
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FIG. 1: Distributions of the frozen-out baryon charge over
temperature (upper panel) and baryon chemical potential
(lower panel) of the frozen-out matter in central collisions
of Au+Au at 4.9 GeV energies (b = 2 fm) and Pb+Pb at 17.3
GeV (b = 2.4 fm) calculated with the crossover EoS.
of the baryon-charge distribution over the temperature
and baryon chemical potential of the frozen-out baryon-
rich fluids in central collisions at two incident energies,√
sNN = 4.9 and 17.3 GeV, calculated in the crossover
scenario. As seen, the regions of Tfrz and µfrz are nev-
ertheless well localized rather than extend to the whole
available range. It should be mentioned that the con-
tribution of rather cold spectator parts of the evolving
system is excluded in Fig. 1. A weak noise at high µfrz
illustrates the accuracy of this spectator cutoff.
As has been already mentioned, the model parameters
(the friction, the freeze-out energy density and the forma-
tion time of the fireball fluid) were fitted to reproduce the
(net)proton rapidity distributions and mid-rapidity pion
densities basically at three incident energies
√
sNN =
4.9, 17.3 and 62.41 GeV. Though, even with these pa-
1 The results for the energy of 62.4 GeV should be taken with care,
because they are not quite accurate. An accurate computation
3rameters it was impossible to simultaneously fit all the
desired quantities within the hadronic scenario [5, 7]. By
means of the above procedure all the model parameters
turn out to be determined. All other observables, except
for those above mentioned, are subjects for predictions
of the 3FD model. It should be mentioned that within
the deconfinement scenarios the friction in the hadronic
phase is not a varied quantity but is rather taken from
a microscopic estimate of Ref. [26]. In fact, there is
no need to vary it because simulations with the micro-
scopic estimate quite accurately reproduce the data at
lower AGS energies. In principle, the freeze-out energy
density could be fitted separately at each incident energy.
However, this gives only a tiny improvement of the data
reproduction. Therefore, the freeze-out energy density is
kept incident-energy independent.
The phase trajectories presented below were calculated
precisely with this parameter set, without any additional
tuning. The agreement of the 3FD predictions with the
SM freeze-out points, discussed below, could probably
be improved by means of the above-mentioned incident-
energy dependent tuning of the freeze-out energy density.
However, this has not been done.
III. PHASE EVOLUTION AND EFFECTIVE
FREEZE-OUT
In the statistical model, mid-rapidity hadron densi-
ties are analyzed. At high incident energies, longitudi-
nally central and peripheral regions (in space) are also
well separated in the rapidity space. Therefore, only the
(spatially) central part the final freeze-out state predom-
inantly contributes to the mid-rapidity density. Thus,
it is reasonable to consider evolutions of the matter in
the central region of the fireball, as it was done in Ref.
[27]. Similarly to that it has been done in Ref. [27], it
is useful to study trajectories of the matter in the cen-
tral box placed around the origin r = (0, 0, 0) in the
frame of equal velocities of colliding nuclei: |x| ≤ 2 fm,
|y| ≤ 2 fm and |z| ≤ γcm 2 fm, where γcm is Lorentz fac-
tor associated with the initial nuclear motion in the c.m.
frame. The size of the box was chosen to be large enough
that the amount of matter in it can be representative to
conclude on properties of the inner part of the system
and to be small enough to consider the matter in it as
a homogeneous medium. Contrary to Ref. [27], I con-
sider these trajectories in terms of temperature (T ) and
baryon chemical potential (µB). Only expansion stages
of the fireball evolution are considered because at these
stages the system is closer to equilibrium than at early
stages and hence the above thermodynamic quantities
are better defined.
Definition of these thermodynamic variables in terms
requires unreasonably high memory and CPU time.
of the 3FD model [1] needs explanations. At the ex-
pansion stage the baryon-rich fluids in the central re-
gion (i.e. those leading particles which exercised strong
stopping) are already unified, i.e. mutually stopped and
equilibrated, while the baryon-free fluid (i.e. the mat-
ter produced and predominantly occupying the central
region) is not still equilibrated with the baryon-rich flu-
ids. To calculate effective thermodynamic parameters
of this combined fireball consisting of unified-baryon-rich
and baryon-free fluids, we have to proceed from its to-
tal energy density and baryon density. When the two
baryon-rich fluids are unified, the calculation of the total
baryon density is straightforward because the net-baryon
charge of the baryon-free fluid is zero. The problem oc-
curs with the total energy density. In general, the unified
baryon-rich fluid and the baryon-free one have different
local hydro velocities. Even if the total energy density
is calculated in a local common rest frame of these flu-
ids, a part of collective energy associated with the rel-
ative hydrodynamic motion of these fluids unavoidably
gets included in this energy density. This is highly un-
desirable. The only region, where we can safely sum the
proper energy densities of two discussed fluids, is the cen-
tral box discussed above. The hydro velocities of the two
fluids are equal and amount to zero (in the c.m. frame
of colliding nuclei) for the symmetry reasons.
Thus, because of the dominant contribution to the
mid-rapidity region at high incident energies and the pos-
sibility of a consistent definition of (T, µB) variables of
the combined matter, the phase-space trajectories of the
matter contained in the central box are studied. Only
central collisions of heavy nuclei are considered: Au+Au
collisions at impact parameter b = 2 fm for AGS and
RHIC energies, and Pb+Pb collisions at b = 2.4 fm for
SPS energies.
In Fig. 2 the phase diagrams for the the 2-phase
and crossover EoS’s in terms of the temperature and
the baryon chemical potential, and the freeze-out bor-
der deduced from experimental data within the statisti-
cal model [17] are displayed. This border and points on
it corresponding to specific incident energies of central
collisions of heavy nuclei are plotted accordingly to the
parametrization of the the statistical-model results given
in Ref. [17].
In the case of the crossover EoS, only the region of the
mixed phase between the borders of the QGP fraction of
WQGP = 0.1 and WQGP = 0.5 is displayed, because in
fact the hadronic fraction survives up to very high tem-
peratures and chemical potentials. In this respect, this
version of the crossover EoS certainly contradicts results
of the lattice QCD calculations, where a fast crossover, at
least at zero chemical potential, was found [28]. There-
fore, a true EoS is somewhere in between the crossover
and 2-phase EoS’s of Ref. [4].
Some examples of trajectories of the matter in the
central box are also presented in Fig. 2. Only expan-
sion stages of the fireball evolution are displayed. The
hadronic trajectories are very close the crossover ones at
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FIG. 2: Phase diagram for the 2-phase EoS (solid thick line)
and crossover EoS (shaded band) in terms of the temperature
(T ) and the baryon chemical potential (µB) and the freeze-out
border (solid thick line with dots) deduced from experimental
data within the statistical model [17]. For the crossover EoS
the borders of the transition band correspond to values of the
QGP fraction WQGP = 0.1 and WQGP = 0.5. Dynamical
trajectories of the matter in the central box of the colliding
nuclei for three EoS’s are also presented. The trajectories cor-
respond to central collisions of Au+Au at energies
√
sNN =
2.7 and 3.3 GeV (b = 2 fm) and Pb+Pb at energies 6.4 and
17.3 GeV (b = 2.4 fm). Only expansion stages of the evo-
lution are displayed. The freeze-out points corresponding to
displayed collisions (the incident energy rises from the right
to the left along the freeze-out border) are taken from Ref.
[17].
√
sNN ≤ 6.4 GeV (Elab ≤ 20A GeV). Therefore, these
are not displayed for the sake of clarity of the figure.
As seen, only comparatively low chemical-potential part
of the phase diagram is explored by nuclear collisions.
At high incident energies,
√
sNN ≥ 6.4 GeV (Elab ≥ 20A
GeV), the trajectories quite closely hit the corresponding
freeze-out points deduced within the statistical model.
The exception is the hadronic trajectory at
√
sNN = 17.3
GeV (Elab = 158A GeV) that ends near the freeze-out
border but far from the corresponding point. As we will
see below, this is a general failure of the hadronic EoS.
Though the volume of the central box is essentially
smaller than that of the whole system, it is still not al-
ways negligible. At
√
sNN < 9 GeV, the freeze-out in
the central box occurs practically immediately. With
the energy rise above 9 GeV, this freeze-out time span
becomes nonzero. At
√
sNN > 12 GeV, it is of the or-
der of 1 fm/c in the c.m. frame of the colliding nuclei.
Therefore, the fact that the deconfinement-transition tra-
jectories slightly overshoot the SM freeze-out border at√
sNN = 17.3 GeV is natural because the freeze-out is
not immediate.
The central-box trajectories, corresponding to energies
2.7 and 3.3 GeV, end sufficiently far from the freeze-
out border and from the corresponding freeze-out points.
The reason is that at low energies all spatial parts of
the fireball contributes to the mid-rapidity region rather
than the central part only. Fortunately, at low incident
energies the baryon-free fluid is underdeveloped. Indeed,
this fluid contributes less than 10% to the midrapidity
value of pions at
√
sNN ≤ 3.9 GeV (Elab ≤ 6A GeV) for
all considered scenarios, whereas at
√
sNN ≥ 6.4 GeV
(Elab ≥ 20A GeV) this contribution already amounts to
greater than 25%. Therefore, at
√
sNN ∼< 4 GeV it is
possible to neglect the contribution of the baryon-free
fluid that solves the problem of the local definition of the
(T, µB) variables in any point of the system discussed
above. Thus, it is possible to consider trajectories of the
global evolution of the system formed from (T, µB) vari-
ables averaged over the whole system with the weight of
the local baryon density of unified baryon fluids. This is
done below.
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FIG. 3: Dynamical (T, µB)-trajectories of the matter in cen-
tral collisions of Au+Au at energies
√
sNN = 2.7, 3.3, 4.9 and
39 GeV (b = 2 fm) and Pb+Pb at 8.9 GeV (b = 2.4 fm) calcu-
lated with the 2-phase EoS. Both the central-box matter (for
higher energies) and global (for lower energies) evolution tra-
jectories are presented. Symbols on the trajectories indicate
the time rate of the evolution: time span between marks is 1
fm/c. Only expansion stages of the evolution are displayed.
The freeze-out points correspond to displayed collisions (the
incident energy rises from the right to the left along the freeze-
out border) and are taken from the parametrization of the
statistical-model results [17].
In Fig. 3, it is shown a zoomed part of the 1st-order
phase transition, which is explored by nuclear collisions.
The freeze-out points [17] correspond to displayed cen-
tral nuclear collisions. For collisions at high incident en-
ergies the central-box trajectories are displayed, whereas
for lower energies, the trajectories of the global evolution.
The energy of ≈ 5 GeV is on the border between high
and low ones. Therefore, both trajectories are presented
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FIG. 4: The same as in Fig. 3 but for the crossover EoS Tra-
jectories for central collisions of Au+Au at energies
√
sNN =
2.7, 3.3, 4.9 and 39 GeV (b = 2 fm) and Pb+Pb at 6.4, 8.9
and 17.3 GeV (b = 2.4 fm) are presented. The shadowed
“mixed-phase” region is located between the borders related
to values of the QGP fraction WQGP = 0.1 and WQGP = 0.5.
for this energy. These trajectories are very different. The
reason for this is the fact that the produced excited sys-
tem is highly nonhomogenous. Peripheral regins of the
produced fireball are essentially less compressed and ex-
cited. As a result, the form of the trajectory strongly
depends on a region over which the averaging runs. The
starting point of the trajectory for
√
sNN = 39 GeV is
beyond the frame of Fig. 3, it is located at T ≈ 600 MeV.
This fact is indicated by the arrow at the top end of this
trajectory (it is similarly done in Fig. 4). Symbols mark
the time intervals along the trajectory, they are spaced 1
fm/c apart. The evolution proceeds from top to bottom
of a trajectory.
In Fig. 3 a wiggle characteristic for the 1st-order phase
transition is seen on the trajectories in the region of the
transition. The length of these wiggles indicate that the
central-box matter spends a considerable part of the ex-
pansion time (∼ 25%) in the mixed phase. The trajecto-
ries, the central-box ones at high energies and the global
ones at low energies, end not far from the correspond-
ing phenomenological freeze-out points. The agreement
is good while not perfect.
In Fig. 4, a zoomed part of the crossover transition
with the matter-evolution trajectories is presented. Here
the trajectories much closer hit the corresponding phe-
nomenological freeze-out points than in the case of the
first-order-transition scenario. Though, this fact does not
significantly affect the reproduction of mid-rapidity den-
sities of various species [7].
Fig. 5 presents the phase evolution of the matter
within the hadronic scenario. The wiggle in the hadronic
trajectory for
√
sNN = 17.3 GeV results from the delayed
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FIG. 5: The same as in Fig. 3 but for the hadronic EoS
Trajectories for central collisions of Au+Au at
√
sNN = 2.7,
3.3, and 4.9 GeV (b = 2 fm) and Pb+Pb at 6.4, 8.9 and 17.3
GeV (b = 2.4 fm) are presented.
production of the baryon-free fluid (i.e. newly produced
particles near the mid-rapidity) [1, 5]. This time delay
in the hadronic scenario amounts to 2 fm/c. Therefore,
the baryon-free fluid starts to contribute to the total en-
ergy density and hence to the effective temperature of
the matter only after this time span. Naturally it raises
the temperature. When the baryon-free fluid got com-
pletely formed, the trajectory returns to it natural be-
havior. Such a wiggle is absent on the trajectories related
to 2-phase and crossover EoS’s because in those cases the
delay time amounts to 0.17 fm/c and hence the forma-
tion of the baryon-free fluid gets completed already at
the compression stage of the collision. The delay time
for each scenario was chosen proceeding from the best
reproduction of available experimental data. Notice that
at high incident energies, when the baryon-free fluid is
already well developed, the delay time essentially affects
the baryon stopping, at
√
sNN = 39 GeV it even becomes
decisive. The earlier the baryon-free fluid is produced,
the earlier it starts to interact with baryonic fluids and
hence the stronger baryon stopping provides.
In the case of the hadronic scenario the agreement with
the corresponding phenomenological freeze-out points is
the worst among the considered scenarios even at low in-
cident energies, where a pure hadronic dynamics takes
place. Probably the latter is a byproduct of enhance-
ment the inter-fluid friction in the hadronic phase [1, 5]
as compared with its microscopic estimate of Ref. [26].
This enhancement has been applied in order to reproduce
a major part (however not all [7]) of observables up to
the energy of 17.3 GeV This modification of the friction
spoils the agreement in the purely hadronic domain. The
advantage of deconfinement-transition scenarios is that
they do not require any modification of the microscopic
6friction in the hadronic phase.
IV. SUMMARY
Evolution of the matter in relativistic collisions of
heavy nuclei and the resulting freeze-out parameters
were analyzed in the incident energy range of 2.7 GeV
≤ √sNN ≤ 39 GeV. These simulations were performed
within the 3FD model [1] employing three different equa-
tions of state: a purely hadronic EoS [2], and two versions
of EoS involving the deconfinement transition [4], i.e. an
EoS with the first-order phase transition and that with a
smooth crossover transition. Details of these calculations
are described in Ref. [5].
It is found that the freeze-out parameters deduced from
experimental data within the statistical model [17] are
well reproduced within the crossover scenario. The 1st-
order-transition scenario turns out to be slightly less suc-
cessful. In the case of the hadronic scenario the agree-
ment with the corresponding phenomenological freeze-
out points is the worst among the considered scenarios
even at low incident energies, where a pure hadronic dy-
namics takes place. Probably the latter is a byproduct
of noticeable enhancement the inter-fluid friction in the
hadronic phase [1, 5] as compared with its microscopic
estimate of Ref. [26], that was introduced in order to re-
produce a major part (however not all [7]) of observables
up to the energy of 17.3 GeV
In particular, these results explain why the hadronic
scenario fails to reproduce experimental yields of an-
tibaryons (strange and nonstrange), starting already
from lower SPS energies, i.e.
√
sNN ≤ 6.4 GeV, and
yields of all other species at energies above the top SPS
one, i.e.
√
sNN > 17.3 GeV, while the deconfinement-
transition scenarios reasonably agree (to a various extent)
with all the data [7].
The present analysis, as well as results of Ref. [7]
indicates a certain preference of the deconfinement-
transition EoS which predict onset of the deconfinement
in central collisions of heavy nuclei at top AGS energies,
i.e.
√
sNN ∼> 5 GeV. However, it should be mentioned
that the crossover transition constructed in Ref. [4] is
very smooth [5, 6]. In this respect, this version of the
crossover EoS certainly contradicts results of the lattice
QCD calculations, where a fast crossover, at least at zero
chemical potential, was found [28]. Therefore, for better
reproduction of experimental data and phenomenologi-
cal freeze-out parameters a more realistic EoS is required.
I am grateful to A.S. Khvorostukhin, V.V. Skokov, and
V.D. Toneev for providing me with the tabulated 2-phase
and crossover EoS’s. The calculations were performed at
the computer cluster of GSI (Darmstadt). This work was
supported by The Foundation for Internet Development
(Moscow) and also partially supported by the grant NS-
215.2012.2.
[1] Yu. B. Ivanov, V. N. Russkikh, and V.D. Toneev, Phys.
Rev. C 73, 044904 (2006) [nucl-th/0503088].
[2] V. M. Galitsky and I. N. Mishustin, Sov. J. Nucl. Phys.
29, 181 (1979).
[3] V. N. Russkikh and Yu. B. Ivanov, Phys. Rev. C 74
(2006) 034904 [nucl-th/0606007]; Yu. B. Ivanov and
V. N. Russkikh, Eur. Phys. J. A 37, 139 (2008)
[nucl-th/0607070 [nucl-th]]; Phys. Rev. C 78, 064902
(2008) [arXiv:0809.1001 [nucl-th]]; Yu. B. Ivanov, I. N.
Mishustin, V. N. Russkikh, and L. M. Satarov, Phys.
Rev. C 80, 064904 (2009) [arXiv:0907.4140 [nucl-th]].
[4] A. S. Khvorostukhin, V. V. Skokov, K. Redlich, and V. D.
Toneev, Eur. Phys. J.C48, 531 (2006) [nucl-th/0605069].
[5] Yu. B. Ivanov, Phys. Rev. C 87, 064904 (2013)
[arXiv:1302.5766 [nucl-th]].
[6] Yu. B. Ivanov, Phys. Lett. B 721, 123 (2013)
[arXiv:1211.2579 [hep-ph]].
[7] Yu. B. Ivanov, Phys. Rev. C 87, 064905 (2013)
[arXiv:1304.1638 [nucl-th]].
[8] Yu. B. Ivanov, Phys. Lett. B 723,475 (2013)
[arXiv:1304.2307 [nucl-th]].
[9] P. Braun-Munzinger, J. Stachel, J. P. Wessels and N. Xu,
Phys. Lett. B 344, 43 (1995) [nucl-th/9410026].
[10] P. Braun-Munzinger, J. Stachel, J. P. Wessels and N. Xu,
Phys. Lett. B 365, 1 (1996) [nucl-th/9508020].
[11] J. Cleymans and K. Redlich, Phys. Rev. C 60, 054908
(1999) [nucl-th/9903063].
[12] F. Becattini, J. Cleymans, A. Keranen, E. Suhonen
and K. Redlich, Phys. Rev. C 64, 024901 (2001)
[hep-ph/0002267].
[13] F. Becattini, M. Gazdzicki, A. Keranen, J. Manni-
nen and R. Stock, Phys. Rev. C 69, 024905 (2004)
[hep-ph/0310049].
[14] F. Becattini, J. Manninen and M. Gazdzicki, Phys. Rev.
C 73, 044905 (2006) [hep-ph/0511092].
[15] A. Andronic, P. Braun-Munzinger and J. Stachel, Nucl.
Phys. A 772, 167 (2006) [nucl-th/0511071].
[16] A. Andronic, P. Braun-Munzinger, K. Redlich
and J. Stachel, Nucl. Phys. A 789, 334 (2007)
[nucl-th/0611023].
[17] A. Andronic, P. Braun-Munzinger and J. Stachel, Phys.
Lett. B 673, 142 (2009) [Erratum-ibid. B 678, 516
(2009)] [arXiv:0812.1186 [nucl-th]].
[18] V. N. Russkikh, Yu. B. Ivanov, Phys. Rev. C 76, 054907
(2007) [nucl-th/0611094].
[19] Yu. B. Ivanov, V. N. Russkikh, Yad. Fiz. 72, 1288-
1294 (2009) [Phys. Atom. Nucl. 72, 1238 (2009)]
[arXiv:0810.2262 [nucl-th]].
[20] H. Petersen, J. Steinheimer, G. Burau, M. Bleicher,
and H. Stocker, Phys. Rev. C 78, 044901 (2008)
[arXiv:0806.1695v3 [nucl-th]].
[21] J. Steinheimer V. Dexheimer, H. Petersen, M. Bleicher,
S. Schramm, and H. Stoecker, Phys. Rev. C 81, 044913
(2010) [arXiv:0905.3099 [hep-ph]].
7[22] Y. Hama, T. Kodama and O. Socolowski, Jr., Braz. J.
Phys. 35, 24 (2005) [hep-ph/0407264].
[23] C. Nonaka and M. Asakawa, PTEP 2012, 01A208 (2012)
[arXiv:1204.4795 [nucl-th]].
[24] F. Cooper and G. Frye, Phys. Rev. D 10, 186 (1974).
[25] F. Grassi, Y. Hama, and T. Kodama, Phys. Lett. B355,
9 (1995); Z. Phys. C73, 153 (1996); Yu.M. Sinyukov,
S.V. Akkelin, and Y. Hama, Phys. Rev. Lett. 89, 052301
(2002) [nucl-th/0201015]; F. Grassi, Braz. J. Phys. 35,
52 (2005) [nucl-th/0412082].
[26] L.M. Satarov, Yad. Fiz. 52, 412 (1990) [Sov. J. Nucl.
Phys. 52, 264 (1990)].
[27] I. C. Arsene, L.V. Bravina, W. Cassing, Yu.B. Ivanov,
A. Larionov, J. Randrup, V.N. Russkikh, V.D. Toneev,
G. Zeeb, D. Zschiesche, Phys. Rev. C 75, 034902 (2007)
[nucl-th/0609042].
[28] Y. Aoki, G. Endrodi, Z. Fodor, S. D. Katz and K. K. Sz-
abo, Nature 443, 675 (2006) [hep-lat/0611014].
